[1] A gravity core from the Nambian diatom belt (83 m water depth) was analyzed for major (Al, Ca, Fe, K, Mg, P, Si, Ti) and minor elements (Ag, As, Ba, Bi, Cd, Co, Cr, Cu, Mn, Mo, Ni, Rb, Re, Se, Sr, Tl, U, V, Zn, Zr), as well as C and S. The major element geochemistry is dominated by the contribution of biogenic phases (opal and minor amounts of carbonate and phosphate), whereas terrigenous components of eolian and fluvial origin form only a minor admixture of <15%. Examination of the Fe/S/C-relationship reveals a completion of pyritization close to the sediment-seawater interface. Higher than average shale Fe/Al ratios reflect the presence of highly reactive iron oxides in terrigenous source material from the Namibian desert and suggest little loss of Fe within the OMZ. The low total Fe content likely represents an important factor responsible for sporadic H 2 S eruptions. The upwelling system off Namibia may be regarded as an intermediate system, combining high productivity typical for upwelling areas with the sporadic presence of H 2 S in the water column. By examining the source-sink relationship of individual trace metals, two different trends are discernible: Mo, Re, and U accumulate following seawater availability, whereas Ag, Cd, Cu, Ni, Tl, and Zn require a biological preconcentration step. Trace metals like As, Ba, Cr, Se, and V show an intermediate behavior. Metal enrichment is favored by high interstitial water sulfide concentrations close to the sediment-seawater interface, leading to slightly elevated Co contents as opposed to extremely low Mn/Al ratios, reflecting the overall reducing character of the Namibian system. Maximum contents of Cu, Ni, and Zn are significantly lower than those reported previously. This may in part be related to the absence of fecal material and a stronger dilution by biosiliceous material at this location compared to the seaward flank of the diatom belt.
Introduction and Objectives
[2] Organic carbon-rich sediments are deposited in today's ocean in two contrasting environmental settings: enclosed anoxic basins like the Black Sea and coastal upwelling areas, located at the west coasts of North and South America, Africa, and the Arabian Sea [Demaison and Moore, 1980; Suess and Thiede, 1983] . In both situations the rapid oxidation of organic plankton remains, which occurs in the open ocean is significantly slowed down either by severe oxygen depletion or even presence of hydrogen sulfide and/or rapid burial. Geochemical research on upwelling sediments is tightly linked to the investigation of sapropels and black shales deposited in the geological past. These provide interesting clues about long-term climatic cycles on Earth [Arthur et al., 1990; Brumsack and Thurow, 1986; Brumsack, 1980; Calvert and Pedersen, 1993; Lipinski et al., 2003; Wehausen and Brumsack, 1999] . Models concerning the geochemical-oceanographic setting of their formation involve oxygen-depleted conditions in the water column with conditions of high productivity [Brumsack, 1989; Warning and Brumsack, 2000] . The latter is a typical feature of upwelling systems, which induce oxygen-depleted conditions (<0.5 mL O 2 L À1 ) on more than 10 6 km 2 of shelf sediments [Helly and Levin, 2004] . Therefore the investigation of the trace metal (TM) geochemistry of Holocene upwelling sediments may provide the necessary information to decipher the geochemical code of ancient black shales and, thereby, to infer the paleoenvironmental conditions at the time of their deposition. Moreover, the high accumulation of TM in some upwelling sediments may represent an important sink in the global cycles of these elements. Therefore the analysis of the TM contents of such sediments forms an important step in establishing a precise quantification of these sinks.
[3] Upwelling systems are characterized by the repetitive injection of external nutrients into the photic zone of the water column. Atmospheric forcing induces a surface divergence, moving coastal surface waters offshore, which are replaced by nutrient-rich subsurface waters. The pulsed upwelling cycle overcomes the nutrient limitation of open-ocean waters and enables a continuous high primary productivity [Hood et al., 1992] . The periodical break down of diatom blooms induces a pronounced oxygen depletion of the shelf waters, thereby enabling a high preservation of organic matter, which may finally become buried in the underlying sediments.
[4] The Namibian diatom belt has been the subject of only a limited number of geochemical investigations [Bremner, 1981; Bremner and Willis, 1993; Brongersma-Sanders et al., 1980; Price, 1970, 1983] . These sediments are deposited directly beneath the Namibian upwelling cell and differ significantly from the more carbonaceous sediments on the continental slope, which were analyzed during ODP Leg 175 Wefer et al., 1998 ].
[5] The main focus of this study is to provide the detailed geochemical signature of Namibian upwelling sediments and to infer the major biogeochemical depositional controls.
Materials and Methods
[6] A 4 m sediment core was recovered during Meteor Expedition M48-2 (Emeis, 2001 ) at location 22°45.51 0 S and 014°18.87 0 E (Figure 1 ) at a water depth of 83 m and sectioned into 2 cm intervals. It comprises three distinct sedimentary facies: (1) diatom ooze from 0-317 cm below seafloor (cmbsf), (2) clay layers from 15 -27 cmbsf, 201-221 cmbsf, and 231-237 cmbsf, and (3) a sandy unit at the basement from 317-400 cmbsf. This study focuses on the predominantly laminated diatom ooze, from which up to 136 samples were analyzed. Analytical precision (1s) and accuracy of the XRF, as checked by parallel analysis of international reference material and in-house standards, is better than 1% for Si, Ti, Al, Ca, Fe, K, Mg, better than 2% for Na, Mg and better than 5% for the minor and trace elements Ba, Cr, Ni, Rb, Sr, V, Y, Zn, Zr, except for Co, Cu, As and Pb (5-10%). Measurements of Ag, Cd, Mo, Re and Tl were carried out with an Element ICP-MS (Finnigan MAT). Analytical precision (1s) was better than 7%, except for Ag (18%) and Re (9%). For a detailed description of the acid digestion procedure, analytical parameters, isotopes used, and accuracy, see Schnetger [1997] . Selenium was analyzed from the same acid digests by graphite furnace AA using a Ptmodifier with a precision and accuracy of better than 5%.
[7] Total carbon (TC) and total sulfur (TS) contents were determined by a LECO SC-444 instrument. Analytical precision and accuracy were better than 3% for carbon and better than 5% for sulfur. Inorganic carbon (TIC) was measured with an UIC CM 5012 CO 2 -Coulometer. Precision of this method was better than 3%. Total organic carbon (TOC) was calculated as the difference between total carbon and inorganic carbon. For a detailed description, see Babu et al. [1999] . Opal was determined in one sample using a leaching technique following Olivarez Lyle and Lyle [2002] .
[8] Mean values presented in Table 1 are corrected for seawater salt, based on the average seawater composition [Bruland, 1983] . For assessing the degree of enrichment, the enrichment factor (EF) is calculated, which is the ratio of the element/Al ratios of the sample and of average shale [Wedepohl, 1971 [Wedepohl, , 1991 :
For the discussion of TM with extremely low crustal abundance the excess content was calculated according to the following equation:
Description of the Study Area
[9] Coring station SL 226620 is situated within the belt of diatomaceous ooze (Figure 1 ), which stretches along the coast off Namibia with an average extension of 140 km [Summerhayes et al., 1995] and forms part of the Benguela upwelling system [Calvert and Price, 1983] . Bremner and Willis [1993] assessed the sedimentation rate in this area to be about 1 mm yr À1 . Calvert and Price [1983] previously reported a range of sedimentation rates between 0.3 and 1.2 mm yr
À1
.
[10] The wind system of this region is primarily controlled by the seasonally migrating subtropical high-pressure system, which significantly influences the upwelling process in the south. The area off Namibia is situated far south of the Intertropical Convergence Zone and therefore is only slightly affected by seasonal variations in upwelling strength [Shannon, 1985] . Upwelling is perennial here; however, a daily periodicity of wind directions is observed, which is attributed to the varying influence of land-sea breezes. The arid Namibian hinterland is drained by only two perennial rivers [Bremner and Willis, 1993] , the Kunene in the north and the Orange River in the south. The area in between is marked by several deeply incised river valleys, which carry no water during most of the year. However, according to Bremner and Willis [1993] , occasional episodes of anomalously high rainfall cause flash flooding events, during which large amounts of sediment are carried into the ocean. [11] Associated with the shelf edge is a frontal system, which reflects upwelling processes that occur independently from the coastal upwelling at the inner shelf [Summerhayes et al., 1995] . Shelf edge upwelling is linked to the interaction of tides with the change in topography and/or to the offshore wind stress curl. As a consequence, upwelling at the shelf edge is perennial. Accordingly, the slope sediments accumulate under conditions completely different from those prevailing offshore.
Distribution of Dissolved Oxygen on the Namibian Shelf
[12] The upwelling center off Namibia is fed by South Atlantic Central Water [Chapman and Shannon, 1985] , which forms by waters descending at the Subtropical Convergence Zone and is characterized by high dissolved oxygen concentrations typically ranging from about 4.8 to 5.2 mL L À1 [Shannon, 1966] . By contrast, large parts of the Benguela Upwelling System are classified as being almost permanently suboxic [Hart and Currie, 1960] . This is ascribed to an admixture of coastal water from the area off Angola, which is characterized by a considerable oxygen depletion due to intense primary productivity. According to de Decker [1970] , this water is partially mixed into the poleward flowing undercurrent. During upwelling it may ascend on to the shelf followed by oxygen consumption in response to the in situ degradation of sinking biodetritus.
[13] The local distribution of dissolved oxygen is characterized by a pronounced short-term periodicity. In response to the offshore wind stress, oxygen-bearing water spreads on to the shelf during upwelling events. As the upwelling process relaxes, solar heating induces a stratification of the surface layer. Diatoms begin to take advantage of the nutrient-enriched water conditions, causing a massive oxygenation of the surface waters. Following the exhaustion of nutrients, the bloom collapses and sinks below the thermocline. Since the bottom waters are shut off from communication with the O 2 -enriched surface waters, they rapidly become O 2 depleted as the sinking biodetritus degrades. This cycle is repeated with the periodicity of the upwelling events [Chapman and Shannon, 1985] .
[14] Several studies provided evidence for the penetration of hydrogen sulfide from the sedimentary column into the overlying bottom water [Copenhagen, 1934; Emeis et al., 2004; Hart and Currie, 1960] . A typical feature of the Nambian upwelling system are occasional H 2 S outgassing events, possibly triggered by the buildup of biogenic methane Chapman and Shannon, 1985] . During such events, large portions of sediment may be resuspended, leading to the appearance of mud islands in nearshore areas, which again disappear after some hours. Since the core investigated is located further offshore degassing either did not happen or did not destroy lamination. During H 2 S eruptions, intense precipitation reactions take place in the water column, which can be recognized by a changing water color [Weeks et al., 2004] . The area of the diatom ooze is termed the ''azoic zone'' [Hart and Currie, 1960] . Possibly as a result of the sulfidic environment bottom samples contain no signs of living animals. In view of the widespread occurrence of fish scales, this zone is considered as a ''burial ground'' for fish.
Results and Discussion

Major Element Characteristics
[15] To a first approximation, marine sediments may be regarded as mixtures of the three endmembers clay (Al 2 O 3 ), quartz and/or biogenic silica (SiO 2 ) and carbonate (CaO). The relative proportion of these components (Figure 2 ) indicates that the diatom ooze is rather carbonate-poor and strongly enriched in SiO 2 . This in part relates to biogenic opal, while quartz delivered from the Namibian desert may represent an additional source. The proportion of Al 2 O 3 is small (2.4%) compared to average shale (16.7%) since adjacent rivers are dry throughout most of the year and only sporadically discharge into the ocean. Flash flooding events sometimes are recorded as grey intercalated layers, but the overall sedimentation appears to be hardly influenced by terrestrial runoff, as the content of the terrigenous fraction is remarkably low. The average CaO content of 3.1% and the corresponding Ca/Al ratio of 2.0 provide evidence Figure 2 . Major components of Namibian diatomaceous mud in the system SiO 2 À Al 2 O 3 . 5 À CaO . 2 (relative weight ratios). The square represents the data point for average shale [Wedepohl, 1971] . P-rich samples are in blue color gradient. For creating ternary plots the Dplot software was used [John, 2004] . for the presence of calcareous algae in the diatomdominated plankton community of this upwelling system. While immediately after the relaxation of upwelling fast-growing diatoms will outcompete any other phytoplanktonic organisms, a second phase of plankton growth in more nutrientdepleted surface waters is more favorable for calcareous algae [Shannon and Pillar, 1986] . Therefore the biogenic portion of sedimentary Ca may record trends of the second, less productive phase of plankton growth in the Namibian upwelling system.
[16] An additional host of Ca is apatite, which is finely interspersed in the diatom ooze. On the basis of a mean Ca/P ratio of 2.6 for phosphorite concretions from the Namibian shelf [Price and Calvert, 1978] , the content of CaO associated with apatite is about 0.8%. Thus, on average, one fourth of total Ca is contained in apatite. The three samples with the highest relative contribution of CaO are characterized by extraordinary P 2 O 5 contents of up to 16% (see Figure 2 ). The formation of such phases has recently been attributed to the abundance and activity of the giant sulfur bacterium Thiomargarita namibiensis [Schulz and Schulz, 2005] . Samples with P 2 O 5 contents exceeding 2% were omitted from the data set used for calculating mean values. Still P is enriched by more than a factor of 20 in the diatomaceous muds compared to average shale ( Figure 3 ). The minor element Sr clearly is associated with both biogenic carbonate and phosphate (not shown).
[17] The slightly elevated Mg values ( Figure 3 ) evidence the presence of Mg-rich clay minerals, possibly smectites or biotite. Magnesium correlates well with Al, Fe, K, and Rb (see Table 2 ) supporting the above assumption.
TOC and SiO 2
[18] The diatomaceous samples display a range of TOC contents from 3.4% to 7.1% (mean 5.37%), which is not exceptionally high in view of an average TOC content of 9% as reported by Calvert and Price [1970] for the diatom belt. Considering SiO 2 contents of more than 69%, it may be argued that TOC is strongly diluted by biogenic opal. TOC contents are much higher in sediment from the seaward flank of the diatom belt with maximum values up to 24.6% [Bremner, 1981] . This observation has been explained by a different input of biogenic opal along the two flanks of the deposit. Along the landward flank, shallow water depths of around 30 m result in a relatively short residence time of settling particles within the water column, while at the western edge diatom frustules pass through a water column of about 130 m depth. Thus, at the seaward flank, dissolution of the more fragile frustules is more intense, while TOC still is well protected by the surrounding frustules. Conversely, on the landward flank sinking siliceous tests experience little dissolution and act as a strong diluent for the organic component [Bremner, 1981] .
[19] The average Si/Al ratio exceeds that of average shale by a factor of 9.7 ( Figure 3 ). This finding may primarily reflect the abundance of diatoms in the overlying waters. It is also reasonable to suppose, that quartz is added to the sediment from the Namib Desert by eolian input. Elements like Zr and Ti are typically enriched in eolian material, for example, loess or Saharan dust, due to the presence of weathering resistant heavy minerals like zircon and ilmenite [Schnetger, 1992; Wehausen and Brumsack, 1999] . Zr/Al and Ti/Al ratios higher than average shale seem to support this hypothesis (see Table 1 ). However, the opal content of one representative sample, which was determined by a leaching procedure [Olivarez Lyle and Lyle, 2002] , compares well with the bulk SiO 2 content determined by XRF. Therefore the Si content of Namibian upwelling sediments is clearly dominated by biogenic opal.
Pyrite Formation: Evidence From Fe/ / /S/ / /C Relationships
[20] The degree of pyritization (DOP) can be assessed by plotting the relative fractions of the three major controls on pyrite formation, TOC, S, and reactive Fe, with each other [Brumsack, 1988] . The samples plot close to or even below the line which marks the Fe/S ratio of pyrite ( Figure 4 ). This finding is consistent with the complete conversion of reactive Fe into pyrite. The observed excess sulfur likely is bound to organic matter. The availability of reactive iron presumably acts as the prime control for the accumulation of reduced sulfur. One should keep in mind that the plot is based on two assumptions:
[21] 1. The salt correction applied is based on average seawater, but the pore water sulfate concentration of this core is probably depleted with depth, as indicated by pore water data of cores from similar sites [Brüchert et al., 2003] , leading to an underestimation of S.
[22] 2. Fe available for pyrite formation was empirically estimated to be total Fe minus 25% of total Al (see Figure 4 ). This nonreactive Fe fraction might be too low leading to an overestimation of available Fe. These two potential errors point into opposite directions.
[23] The deduced complete pyritization even close to the sediment/seawater interface is due to the low content of total Fe (mean Fe 2 O 3 content: 1.43%) and high pore water sulfide concentrations. Canfield et al. [1992] subdivided sedimentary iron into two pools. The first comprises the iron oxides/hydroxides, which are highly reactive toward sulfidation, whereas the second includes more slowly reacting iron-bearing silicates. They concluded that pyritization is substantially controlled by the burial flux of iron oxides/hydroxides into the sediment. Thus one of the major reactants of pyrite formation, the reactive iron substrate, is present in rather small quantities. The reason for the small content of total Fe is the large input of biosiliceous debris, which acts as a diluent for the terrigenous fraction of fluvial and eolian origin.
[24] The second reactant, dissolved sulfide, forms as the result of organic matter degradation by sulfate reducing bacteria. Several factors limit the oxic organic matter degradation within the water column in favor of sulfate reduction in the sediment:
[25] 1. Episodic anoxic water column conditions from a water depth of 54 m down to the sediment surface Emeis, 2001] favor the preservation of the readily metabolizable organic fraction.
[26] 2. Since the sampling location is situated in a water depth of only 83 m, the exposure time of organic matter to oxic conditions is small. The settling time may be further reduced by the formation of rapidly sinking macroaggregates, which typically form by agglutination of transparent exopolymer particles (TEP) containing diatom debris [Alldredge and Gotschalk, 1989] .
[27] 3. At the sediment-water interface oxic degradation is restricted by the high sedimentation rate (see above), which results in the rapid burial of organic material [Berner, 1981] . At the sediment surface the exchange of dissolved oxygen with the overlying bottom water is small, since there are no bottom-living bioturbating organisms [Hart and Currie, 1960] . Evidence for this is provided by the undisturbed lamination of the sediment. Such depositional conditions ensure the delivery of ample quantities of readily metabolizable organic matter to the sediments, fueling a vigorous sulfate reduction . The resulting large sulfide concentrations and the small quantities of sedimentary Fe lead to the rapid and complete pyritization of reactive Fe.
[28] Another consequence of the low sedimentary Fe content and high microbial sulfide production is episodic H 2 S outgassing events. The supply of sulfide by far exceeds the in situ availability of reactive Fe oxides. Only minor amounts of the sulfide produced are captured in the sediment by Fe sulfide formation. Thus the low Fe content of this sediment allows sulfide to strongly accumulate in the interstitial waters and sporadically escape as sulfide eruptions.
[29] Pyritization is favored by the high reactivity of detrital Fe. In case of the Namibian system a surplus of Fe oxides/hydroxides is present in the terrestrial source material from the Namib Desert [Bremner and Willis, 1993] , as indicated by the elevated Fe/Al ratio of 0.80 compared to average shale (0.55). Nevertheless the total Fe concentration is low. Thus pyritization in this sediment not only is favored by high sulfate reduction rates, it is also promoted by the high reactivity of detrital Fe originating from the Namib.
[30] However, the question arises whether these Fe oxides/hydroxides are able to pass through the extremely oxygen-poor water column without being dissolved. Schenau et al. [2002] calculated that sediments from the continental slope off the Oman Margin bear a significant Fe deficit, which led to the proposition that oxygen-depleted waters caused the reduction and loss of Fe oxides/hydroxides within the water column. Böning et al. [2004] showed the same trend for Fe/Al ratios of Peruvian upwelling sediments from 102-364 m water depth (Fe/Al = 0.44), which are lower than average shale (Fe/Al = 0.55) and not exceeding those of average andesite (Fe/Al = 0.45). The same is true for sediments from within the OMZ of the Gulf of California with a mean Fe/Al of 0.45 [Brumsack, 1989] . Presumably, a fraction of the Fe oxides/ hydroxides in these environments is lost by dissolution within the water column leading to a relative Fe depletion in the sediment. Higher Fe concentrations were recently analyzed in upwelled waters off Peru [Bruland et al., 2005] . By contrast, Namibian upwelling sediments exhibit higher Fe/Al ratios than average shale. Here an analogy to the Black Sea may be conclusive. As stated above, the water column of the Namibian upwelling system frequently contains free H 2 S, which diffuses out of the sediment or poisons the water column during H 2 S outgassing events. We therefore assume that a fraction of the settling detrital Fe flux is already transformed into pyrite or its precursor, iron monosulfide, within the water column. This syngenetic Fe sulfide formation is proposed to explain the elevated Fe/Al ratios in Nambian upwelling sediments.
Trace Metals: Sources, Sinks, and Usefulness as Proxies for Processes Occurring in the OMZ
[31] Major and trace elements in upwelling sediments are enriched or depleted by different processes. We have chosen several diagnostic elements for reconstructing the depositional environment of Namibian upwelling sediments. In Figure 3 we calculated EFs, which are based on element/Al ratios of sediments and average shale. As the sediment contains only small amounts of terrigenous material, this calculation may lead to questionable results due to the closed sum effect (for discussion, see van der Weijden [2002] ). But to depict which elements are depleted or enriched EFs may provide some important information.
[32] Elements with an EF close to 1 in most cases belong to the terrigenous fraction derived from land either by fluvial or eolian sources. Another important source for trace elements is the remains of marine organic material, carbonate (Ca, Sr) or siliceous organisms (Si). These remains are related to specific chemical, biological and oceanographic dynamics of upwelling systems. Three controls on TM removal from seawater which are of particular importance in the Namibian upwelling system will be highlighted:
[33] 1. The specific circulation pattern of upwelling systems induces an internal build-up of TM concentrations [Chapman and Shannon, 1985] . In response to strong offshore wind-forcing, subsurface waters that are significantly enriched in nutrients and biogenic TM are injected into the photic zone. The postupwelling development of diatom blooms proceeds via extraction of nutrients and TM from seawater, leaving the photic layer in a depleted state. During the transit of organic debris through the water column, the bacterially mediated breakdown of organic material causes the release of nutrients and associated metals, as evidenced by thermocline concentration maxima [Chapman and Shannon, 1985] . During an upwelling event they are reinjected into the surface layer. In addition, once deposited organic material is metabolized at the sediment surface dissolved TM diffuse back into the bottom water. Considering the enormous shelf width of 140 km off Walvis Bay, bottom waters flowing above the shelf will receive a significant input of dissolved TM from the sediments. Thus the internal cycling of nutrients and metals significantly augments the budget of dissolved metals in upwelling systems.
[34] 2. As mentioned previously, periodical H 2 S and methane eruptions are known to be a typical feature of the diatom belt off Namibia Hart and Currie, 1960] . While photosynthetic algae generally keep the water above the thermocline at or above saturation level with regard to oxygen, the waters below are considered to be principally suboxic [Chapman and Shannon, 1985] . Therefore it may be expected that H 2 S outgassing will favor the rapid sulfidation of bottom waters. Simultaneously, the change in redox state may trigger the precipitation of a variety of trace elements within the water column. These precipitates are stable as long as the water column remains sulfidic; however, they may be reoxidized when oxic water is reintroduced by further upwelling. The sedimentation of these particles may be favored by the ability of diatoms to form large marine aggregates [Alldredge and Gotschalk, 1989] . After termination of the bloom, they agglutinate and sink with a speed of 10 to >100 m d À1 [Martin and Windom, 1990] . Given a water depth of 83 m, they may reach the sediment surface within one day. Thus elements that are precipitated in response to the sulfidation of the water column [Huckriede and Meischner, 1996] . Afterward, the bottom water again turns anoxic. In the Namibian upwelling area it is the other way round. The water masses are generally oxic or at least suboxic. During H 2 S eruptions, the water column will be partly sulfidized and dissolved redox-sensitive and sulfide-forming elements may partially be precipitated and transferred to the underlying sediment. Afterward, the following upwelling event may again reintroduce oxygen into the water column.
[35] 3. Removal of metals from seawater also happens by chemical adsorption reactions. The rate of sorption of a metal by particle surfaces is a function of the dissolved metal concentration and the concentration of metal-unoccupied particle surface sites [Honeyman et al., 1988] . Upwelling systems receive a large input of metals by the ascent of metal-enriched subsurface waters. As fast-growing diatoms convert the available nutrients into biomass, large amounts of biogenic particles are produced, which upon bloom termination pass through the water column and thereby may scavenge dissolved metals. Thus both factors, particle abundance and dissolved metal concentration, promote an efficient removal of metals by adsorption. As the productivity of the Namibian upwelling system is not seasonally restricted, this cycle is repeated in the rhythm of upwelling events. Any upwelling event replenishes the TM concentration in the water column, while the following bioproduction serves to produce further free sorption sites.
[36] After deposition of the remains of bioproduction, remineralization will occur, liberating elements from organic/biogenic particulate material and increasing pore water concentrations. Metal fixation in the sediment requires an immobilization process, either sulfide precipitation and/or reduction and scavenging [Brumsack, 1989; Helz et al., 1996; Jacobs and Emerson, 1985; Morford and Emerson, 1999; Warning and Brumsack, 2000] . Otherwise, elements will be lost via diffusion into the water column.
[37] To distinguish between different trace element sources, we calculated the excess contents, that is, the nonterrigenous content of individual elements (see equation (1)). These were used in the scatterplots (Figures 5a and 5b) to gain information about the dominating metal source/sink relationship. This calculation is not critical with respect to the closed sum effect because the contribution by terrigenous material (Al as indicator element) in most cases is rather small.
[38] In Figure 5a the excess metal content of Namibian upwelling sediments is compared with the average seawater composition. Most oxyanions (Mo, U, As, Re), which are rather abundant in seawater and exhibit an essentially conservative behavior (see compilation by Bruland [1983] ), follow a seawater source trend. These metals accumulate in the diatomaceous mud according to seawater availability. Other metals, in particular those involved in biocycling processes, like Ag, Cd, Cr, Cu, Ni, Se, Zn [Bruland, 1983] , deviate significantly from this trend by up to two orders of magnitude. This indicates that a biological preconcentration step, which is related to bioproductivity, is required to explain the sedimentary TM pattern. This finding seems to be in accordance with the concentration gradients seen in oceanographically consistent seawater profiles [Bruland, 1983] .
[39] In Figure 5b we compare excess metal contents of Namibian upwelling sediments with the composition of average plankton. Unfortunately the database for average plankton is rather variable, most likely due to the metal uptake mechanism of different species and nutrient as well as metal availability. At least we may assume that elements, which plot on or close to the 1:1 ratio of what we define as ''bioproductivity trend'' (As, Ba, Cd, Cu, Ni, Zn), are preconcentrated by bioenrichment before being buried in particulate form. Elements, which plot above this trend are less involved in biological cycling and must accumulate in sediments controlled by other processes, for example, by early diagenetic enrichment. Both plots essentially show the same trend for most elements. A biogenic source is indicated for the elements Cd, Se, Tl, Ni, Cu, and Ag and a seawater source for the elements Mo, Re, and U. Elements like V, Cr, As, (Ba, Zn) plot between these two end-members. We will show in the following, that in some cases a clear identification of the metal source is not possible owing to a variable geological background or a scarce database. In these cases we can only speculate about their role as paleoenvironmental proxies in upwelling sediments.
Manganese
[40] The element Mn is highly depleted in Namibian upwelling sediments (Figure 3 ). The average Mn/Al ratio of <28 . 10 À4 (some samples are below the XRF quantitation limit) indicates a significant loss relative to a value of 96 . 10 À4 reported for average shale [Wedepohl, 1971] or the clay fraction of the Swakop and Ugab River particulates with Mn/Al ratios of 58 . 10 À4 and 73 . 10 À4 , respectively [Bremner and Willis, 1993] .
[41] This loss of sedimentary Mn reflects the severe oxygen depletion of Namibian shelf bottom waters [Chapman and Shannon, 1985] . Mn oxyhydroxides are mobilized from particulates either by chemical reduction or by microbial catalysis [Thamdrup et al., 1994a [Thamdrup et al., , 1994b . Dissolved Mn may also be continuously lost from the interstitial water by diffusional flux across the sediment-water interface [Burdige, 1993] . As the Namibian system is oceanographically ''open,'' dissolved Mn is exported via the OMZ into the South Atlantic, resulting in a prominent depletion of Mn in the shelf sediments relative to average shale. The same Mn depletion is seen in other modern coastal upwelling systems, like off Peru [Böning et al., 2004] , Chile [Böning et al., 2005] or in the Gulf of California [Brumsack, 1989] .
7.2. Sulfide-Forming Elements (Co, Cu, Ni, Zn, Ag)
[42] In the marine environment the geochemistry of Co is closely connected to that of Mn with one important exception: If H 2 S is present Co may be fixed as a sulfide, whereas Mn is not [Gendron et al., 1986; Heggie and Lewis, 1984] . From Figure 3 and Table 1 it is evident, that Co is not depleted but slightly enriched relative to average shale, a clear indication that the depositional environment is sulfidic. In Gulf of California upwelling sediments [Brumsack, 1989] or the Peruvian margin [Böning et al., 2004] , Co is depleted similar to Mn.
[43] Copper, Ni, and Zn are only slightly enriched in Namibian upwelling sediments. From Figures 5a and 5b a biogenic source seems likely. A comparison of element/Al ratios with those of average shale yields EFs of 6.3 (Cu), 5.3 (Ni), and 2.7 (Zn). However, the risk of this normalizing approach becomes strikingly apparent, when taking studies on regional terrestrial material into consideration. Bremner and Willis [1993] analyzed the clay fraction of terrigenous matter sampled from several West African rivers. Cu is characterized in the diatom ooze by a mean content of 37 mg g À1 , which corresponds to a Cu/Al ratio of 32 . 10 À4 . This is equivalent to an EF of 6.3 as compared to a ratio of 5.1 . 10 À4 for average shale [Wedepohl, 1971; Wedepohl, 1991] . The clay fractions of the Swakop and Ugab River show Cu/Al ratios of 4.5 . 10 À4 and 3.0 . 10 À4 [Bremner and Willis, 1993] and accordingly are depleted relative to average shale. Assuming the Cu/Al ratio from Ugab River as being representative of the detrital background the EF of the diatom ooze rises to a value of 11. Moreover, it appears questionable, whether the composition of the eolian material (the main pathway of lithogenic material into this system) equals that of fluvially introduced terrigenous material. These considerations demonstrate the importance of a precise assessment of the detrital background.
[44] The enrichment of Cu, Ni and Zn partially is due to their role as micronutrients [Martin and Knauer, 1973] . They are incorporated into organic matter and directly transported to the sediment. The importance of this removal pathway has been stressed by Brongersma-Sanders et al. [1980] . However, the idea that the composition of the plankton community may play an important role for the accumulation of trace elements in the underlying sediments remains to be tested. Additionally, Cu, Ni, and Zn are known to precipitate in the presence of hydrogen sulfide [Jacobs and Emerson, 1985] . Thus diffusion of remineralized elements into the sediment followed by sulfide precipitation may form another enrichment pathway.
[45] For Ag only few sediment data are available in the literature [Böning et al., 2004; Crusius and Thomson, 2003; Koide et al., 1986] even though this element is significantly enriched (EF = 19) in TOC-rich sediments. Silver does not show a good correlation with TOC or Si in Namibian upwelling sediments. On the other hand Flegal et al. [1995] reported a strong correlation between Ag and siliceous material in the water column of the eastern Atlantic Ocean. This is in agreement with the nutrient-type vertical profiles of Ag in the oceans [Flegal et al., 1995; Martin et al., 1983; Ndung'u et al., 2001; Zhang et al., 2001 ]. Therefore it is likely that the enrichment of Ag in upwelling sediments is derived from biogenic material. This is also indicated in Figure 5b , where Ag falls on the productivity trend.
7.3. Oxyanions (Cr, V, As, U, Mo, Re)
[46] Chromium is present in the diatom ooze with an average content of 83 mg g À1 . This is equivalent to an EF of 7.1. From Figures 5a and 5b , no clear association with one of the two trends (seawater versus productivity) is evident. This indicates that at least three enrichment pathways may be significant for Cr.
[47] Elevated Ti/Al and Zr/Al ratios provide evidence of a significant eolian input, which may also supply a heavy mineral phase like chromite [Schnetger, 1992] . A more likely explanation for the observed Cr enrichment is based on the findings of Crantson [1983] , who reported a nutrientlike behavior of Cr. He observed a close correlation between Si and Cr concentrations in water samples from the Pacific Ocean. Sirinawin et al. [2000] confirm the slight surface depletion in Cr, but report only a weak correlation with nutrients and conclude that this element shows some characteristics of both ''recycled'' and ''accumulated'' vertical profiles. Nevertheless, an input of Cr in association with diatomaceous debris may be of importance. In the sediment Cr correlates with TOC (r 2 = 0.63), indicating an association with productivity. Additionally, reduction of Cr(VI) to Cr(III) following its diffusion into the sediment may further contribute to its enrichment [Pettine et al., 1994; Smillie et al., 1981] . Due to the high sedimentation rate, this process may be limited by the supply of Cr by downward diffusion into the sediment.
[48] Vanadium is present in the diatom ooze with an average content of 138 mg g À1 . The V/Al ratio amounts to 126 . 10 À4 , which is equivalent to an EF of 8.5 relative to average shale. Figures 5a and 5b indicate that several mechanisms like diffusion into reducing sediments and biological delivery may be responsible for this enrichment, even though their relative significance remains uncertain. A definite statement can only be made toward the significance of adsorptive processes. Breit and Wanty [1991] reported that V is to a very small extent adsorbed by organic particles in the surface waters as long as oxic conditions prevail. When these particles decay during settling, the adsorbed V is rapidly lost. However, when entering anoxic waters, adsorption is greatly enhanced. This is due to the reduction of V(V) to the vanadyl ion, which has a much higher affinity for organic particles and particles coated by organic matter. On this reasoning, the amount of V that is introduced into the sediment in association with organic particles will depend on the spatial and temporal extent of anoxic conditions in the water column. The Namibian system is characterized by high pore water sulfide concentrations and a sulfide-rich sediment seawater interface. Thus it seems reasonable to assume that in the Namibian upwelling system adsorptive processes on settling organic particles may contribute more efficiently to the enrichment of V than in other coastal high-productivity systems. [49] The average As/Al ratio of the diatom ooze amounts to 11 . 10 À4 , which is equivalent to an EF of 9.7 relative to average shale. Arsenic plots on both, the seawater source and the productivity trend (Figures 5a and 5b) and is transported to the sediment in organic and inorganic forms [Belzile, 1988; Cutter and Cutter, 1995; Geiszinger et al., 2002; Smedley and Kinniburgh, 2002] . The major carrier phases of As are Fe and Mn oxides/ hydroxides [Belzile and Tessier, 1990; Chaillou et al., 2002; Moore et al., 1988] . But it is questionable whether these phases are important carrier phases when the water column is depleted in oxygen or even anoxic . Therefore additional removal mechanisms may be of importance. The open ocean profile of As exhibits a small surface depletion and regeneration at depth, analogous to phosphate [Cutter, 1991; Cutter and Cutter, 1995] . Therefore As likely is delivered to the sediment via deposition of organic remains. The accumulation of As may then be a function of the H 2 S concentration in interstitial waters, which would favor As coprecipitation with Fe sulfides [Huerta-Diaz and Morse, 1992] .
[50] A prominent feature of the Namibian diatom ooze is its high U content (on average 30 mg g À1 ) with a mean U/Al ratio of 29 . 10 À4 (EF = 68). Figures 5a and 5b indicate a seawater source for U. Diffusion of dissolved U(VI) into the sediment followed by inorganic reduction or reduction by metal reducing bacteria [Lovley, 1995] and subsequent precipitation may contribute to its enrichment [Anderson, 1987] . Anoxic conditions close to the sediment water interface promote the diffusive uptake of dissolved uranium into the sediment. In view of the high sedimentation rate, it appears questionable whether diffusion of U into the sediment followed by its fixation is the sole reason for its enormous enrichment. Thus additional removal pathways have to be considered.
[51] Anderson et al. [1989a] suggested the incorporation of U into organic material based on the analysis of particles in Saanich Inlet. Highest enrichments were found at times of plankton bloom breakdown. They concluded that biogenic U uptake might be the source for particulate U. The preferential preservation of particulate nonlithogenic U (PNU) is reported by Zheng et al. [2002] , who observed an almost constant PNU flux with water depth in low-oxygen marine settings, which accounts for as much as 70% of the authigenic U accumulating in sediments of the Santa Barbara Basin. On the Namibian shelf the high sedimentation rate may favor a large PNU contribution whereas it may limit the amount of in situ precipitated U.
[52] Under anoxic conditions U(VI) may be reduced to U(IV) [Langmuir, 1978] . Tetravalent actinides such as U(IV) are prone to adsorption and therefore may be scavenged by particulate matter. Nonetheless, it remains doubtful as to whether the sporadic outgassing events of H 2 S are able to contribute to sedimentary U accumulation. Anderson et al. [1989a] detected a small difference of U fluxes in oxic and anoxic waters of Saanich Inlet and concluded that chemical scavenging in the sulfidic water may contribute to the total U flux. This finding has previously been proposed by Anderson [1987] and Anderson et al. [1989b] , who reported about the kinetic stability of U(VI) with respect to reduction in sulfidic waters of the Cariaco trench and the Black Sea.
[53] Presently phosphorites or its precursor material are forming in the Namibian diatom ooze, as evidenced by the occurrence of unconsolidated laminae of phosphatic material [Schulz and Schulz, 2005; Thomson et al., 1984] . However, an enrichment of U can be observed throughout the whole core. This is consistent with Veeh et al. [1974] , who reported deposition of U by its incorporation into carbonate-fluorapatite which grows authigenically within the Namibian sediment. On the basis of the average U/P ratio of 9.1 . 10 À4 for phosphorites [Price and Calvert, 1978] and a mean P excess content of 0.21%, it can be calculated that less than one tenth of the nonlithogenic U is hosted in phosphorites.
[54] Rhenium and Mo plot on the seawater source trend (Figure 5a) . Crusius et al. [1996] proposed to use the ratio of Re/Mo as a proxy for the redox conditions at the time of sediment deposition. According to this approach a Re/Mo ratio close to the seawater value of 0.8 . 10 À3 (weight ratio) is indicative of a sulfidic sedimentary environment. The Re/Mo ratio of sediments from the Namibian diatom belt is rather close to the seawater value for all 122 diatomaceous samples analyzed in core SL 226620 (mean Re/Mo ratio: 0.77 ± 0.57 . 10 À3 ). Even though Re/Mo ratios increase slightly down core (from 0.45 ± 0.15 . 10 À3 in the upper 150 cmbsf to 1.14 ± 0.64 . 10
À3 from 151-317 cmbsf), sulfidic depositional conditions must have persisted since the onset of the deposition of the diatom ooze. [55] Enrichments in Re seem to be controlled by processes at or slightly below the sediment-water interface [Colodner et al., 1993; Crusius et al., 1996] . Dissolved profiles of Re indicate a conservative behavior for both, oxic and anoxic seawater, implying that Re is neither significantly delivered by organic detritus nor precipitated or scavenged in sulfidic waters. Rhenium enrichment primarily seems to occur via diffusive flux into the sediment followed by its fixation under reducing conditions. In view of the enormous interstitial water H 2 S concentration in Namibian diatomaceous mud the rather low Re content (27 ± 15 ng g À1 ) is striking. It is significantly less than in Black Sea sapropels where Re contents up to 184 ng g À1 are reported [Ravizza et al., 1991] . In continental margin sediments sediment accumulation rate and sulfide concentration seem to have little influence on the accumulation rates of Re. Therefore slow precipitation kinetics seem to control the accumulation of Re [Sundby et al., 2004] .
[56] Emerson and Huested [1991] and Francois [1988] concluded that Mo scavenging does not occur in the sulfidic water column of Saanich Inlet, but that Mo is fixed in the underlying sediments. Mo accumulates most rapidly in sediments with the highest sulfide content in continental margin sediments [Sundby et al., 2004] . By contrast, several authors provided evidence for water column scavenging of Mo in the Black Sea. The strong affinity of Mo toward Mn oxyhydroxides [Berrang and Grill, 1974] , in contrast to Re, may lead to its enrichment during flushing events of an anoxic water column [Lepland and Stevens, 1998 ]. Helz et al. [1996] proposed that the sulfide concentration that is required for the switchpoint, at which Mo turns from a conservative into a particle-reactive element, is only marginally met in the water column of Saanich Inlet. The Namibian upwelling system is somewhat in between. During Meteor cruise M48-2 maximum sulfide concentrations of 180 mM were detected in bottom waters near Walvis Bay [Emeis, 2001] . The geochemical switch, at which Mo turns into a particle-reactive element, is activated at sulfide concentrations exceeding 100 mM [Zheng et al., 2000] . We therefore assume that Mo scavenging on particles or precipitation occasionally is taking place within the water column. As particulate Mo data are not available for the Namibian system, this assumption remains unproven. Despite the uncertainties regarding the behavior of Re and Mo in the Namibian system the interpretation of Re/Mo ratios according to the classification scheme of Crusius et al. [1996] seems to be valid.
Elements With Low Crustal
Abundance (Bi, Cd, Se, Tl) [57] Bismuth, with a mean concentration of 97 ± 49 ng g À1 (Bi/Al = 7.6 ± 3.0 . 10 À6 ), is enriched in the diatom ooze by a factor of 5.2 compared to average shale (130 ng g À1 ; Bi/Al = 1.5 . 10 À6 [Heinrichs et al., 1980] ). It is difficult to obtain information about the source of this element because plankton data are not available and the seawater concentration is highly variable and depends on water depth [Bruland, 1983; Lee et al., 1986] . Mediterranean sapropels [Warning and Brumsack, 2000] and sediments from the Peru upwelling area [Böning et al., 2004] are moderately enriched (factor 3-4). Heinrichs et al. [1980] found that Bi, Cd and Tl enrichments are related to sulfur contents in black shales. Although many TM are exceptionally high in C/T black shales [Brumsack, 1980] Bi contents do not exceed those of the Namibian mud lens (H.-J. Brumsack, unpublished data). This moderate enrichment may be explained by the low concentration of Bi in seawater and marine plankton [Bertine et al., 1996; Lee et al., 1986] .
[58] Cadmium, Se, and Tl bear a certain relationship to a biogenic source according to Figures 5a and 5b. A second feature is their low crustal abundance [Heinrichs et al., 1980; Wedepohl, 1991] , whereas they are significantly enriched in marine organic material. The mean Al content of 1.3% of the Namibian diatomaceous mud indicates that the relative terrigenous contribution from fluvial and eolian sources must be low, favoring the accumulation of these TM by other means. As a consequence, any contribution by biogenic or early diagenetic processes will lead to remarkable enrichments, which must be regarded as a prominent characteristic of this specific sediment type.
[59] The Namibian diatom ooze is characterized by an average excess Cd concentration of 29 mg g
À1
(Cd/Al = 25.6 . 10 À4 ; EF > 1700). The terrigenous contribution is negligible for this element. Average Cd contents of plankton are reported to vary between 22 mg g À1 [Collier and Edmond, 1984 ] and 3.2 mg g À1 [Martin and Knauer, 1973] . Therefore biochemical incorporation into particulate matter by living organisms must be considered as a major removal pathway for Cd. During the decomposition of organic material Cd is released to the pore water and becomes trapped as CdS [Rosenthal et al., 1995] . Immobilization of Cd is promoted by the close proximity of the sulfidic zone to the sediment-water interface. Therefore the loss of dissolved Cd by upward diffusion into the bottom water should be low.
[60] An average excess Se content of 13.8 mg g
(Se/Al = 12.4 . 10
À4
; EF = 182) was determined for the diatom ooze. Thus Se is, next to Cd, Mo, U, and Re, one of the most enriched elements in the diatom ooze (see Figure 3) . The Se content of zooplankton and fecal pellets may considerably enhance the sedimentary Se content [Measures and Burton, 1980] . The overall Se content of plankton amounts to 0.3 mg g À1 , while concentrations in microplankton are higher (2.7 mg g À1 ). Boisson and Romeo [1996] report a value of 0.62 mg g À1 Se for microplankton in the Mediterranean. Shallow water depths and oxygen depletion may allow an effective delivery of organic Se to the sediment. The weak correlation between TOC and Se (r 2 = 0.32) suggests that additional removal pathways are of importance. Oremland et al. [1989] analyzed pore water concentrations of several Se species and observed the removal of seleno-oxoanions independently from sulfate reduction. They proposed that, after consumption of dissolved oxygen, Se may serve as a terminal electron acceptor for anaerobic respiration. Therefore dissimilatory selenate reduction to native Se may be considered as an additional sink for Se. Masscheleyn et al. [1991] state that elemental Se is only stable under slightly reducing conditions; otherwise, the formation of ferroselite as well as pyrite is favored. At even higher H 2 S activities the stability field of ferroselite is left and all reactive Fe will be converted into pyrite. Thus the presence of ferroselite in the diatom ooze is possible but remains unproven.
[61] Thallium contents in the diatom ooze average 2.6 mg g À1 (EF = 32). Thallium data for marine sediments are rare and therefore little is known about its biogeochemical controls. Bioaccumulation of Tl from seawater by plankton has been reported by a number of authors [Bowen, 1979; Eisler, 1981; Flegal et al., 1986] . In zooplankton 0.03 to 0.5 mg g À1 Tl was determined. The highest Tl content in the marine biosphere is reported for phytoplankton, with contents ranging from 0.02 to 0.8 mg g À1 [Flegal et al., 1986] . These findings correspond with recent measurements indicating that Tl is involved in biological processes [Schedlbauer and Heumann, 2000] . The mean content determined for the Namibian diatom ooze is three-fold higher than the maximum content of marine phytoplankton. Tl contents in a variety of rocks, minerals and sediments are given in the compilation by Heinrichs et al. [1980] . Thallium contents of magmatic and metamorphic rocks, as well as ocean sediments deposited under oxic conditions, are significantly lower than the mean value of 2.6 mg g À1 determined for Namibian sediments. Only black shales and Mediterranean sapropels display Tl contents comparable to Namibian upwelling sediments [Brumsack, 1980; Heinrichs et al., 1980; Warning and Brumsack, 2000] . Thallium most likely is situated in sulfide minerals. Zitko [1975] reported a Tl content of 8-45 mg g À1 for sphalerite (ZnS) and of 5-23 mg g À1 for pyrite, which is similar to values of 15-25 mg g À1 and 7.3-25 mg g À1 analyzed in pyrites from different locations [Heinrichs et al., 1980] , including pyrites from C/T black shales [Brumsack and Thurow, 1986] . On the other hand Tl/Al ratios are well correlated with U/Al (r 2 = 0.90), V/Al (r 2 = 0.89), and Mo/Al ratios (r 2 = 0.84), suggesting similar removal pathways. Considering the significant Tl enrichment in this sediment type, we assume that the Tl storage in upwelling sediments may be underestimated in the global mass balance of this element [Rehkämper and Nielsen, 2004] .
Barium
[62] Elevated Ba contents of organic carbon-rich sediments are often related to enhanced biological productivity, even though these enrichments are much more pronounced in deeper oceanic settings [Dymond and Collier, 1996; Dymond et al., 1992; Schmitz, 1987; von Breymann et al., 1992] . It is still under debate how such Ba enrichments are forming, but discrete barites have been identified in the water column and underlying sediments [Bertram and Cowen, 1997; Bishop, 1988; Dehairs et al., 1980; Paytan et al., 1993] . Presumably the barite content in marine sediments is a function of primary productivity, water depth and dissolved barium concentration. Under conditions of sulfate depletion biogenic barites are prone to remobilization [Bréhéret and Brumsack, 2000; Brumsack and Gieskes, 1983; McManus et al., 1998; Torres et al., 1996] . Thus the use of excess Ba or barite as a proxy of ocean productivity is only applicable under defined conditions [Babu et al., 2002] .
[63] Despite the shallow water depth of core SL226620 the Ba/Al ratio is by a factor of 4.5 higher than average shale. Several factors may be responsible for the enrichment in this upwelling system. As seawater is undersaturated with respect to barite [Church and Wolgemuth, 1972] microenvironments are necessary for barite formation.
The formation of such microenvironments may be facilitated by high abundances of diatoms. These algae are unique as they produce polysacchariderich material when entering the stationary growth phase of bloom development, which may coagulate into TEP. This material is regarded a major agent for the mass flocculation of diatom blooms [Alldredge and Gotschalk, 1989] . The resulting macroaggregates, frequently referred to as ''marine snow,'' are considered to be hot spots of organic matter decomposition. Exchange of solutes with the surrounding water mainly takes place via diffusion; thus these aggregates provide the Ba-rich microenvironments suitable for the precipitation of barite.
[64] A strong covariance of Si and Ba has been reported for open ocean water profiles [Chan et al., 1977; Calvert and Pedersen, 1993] . Therefore an association of Ba with biogenic opal may be another mode of Ba delivery to the sediment. The accumulation of Ba-concentrating organisms may also be of importance. Enrichment of barium in upwelling sediments is favored by the presence of siliceous radiolaria, which like diatoms flourish in nutrient-rich systems. Similar to acantharia they contain celestite tests, which are enriched in barium relative to strontium compared to their proportions in seawater [Bernstein et al., 1991] . Dissolution of this labile material largely takes place at shallow water depths. Within microenvironments the precipitation of barite may result [Bernstein and Byrne, 2004] . Certain diatoms may be of special importance for concentrating Ba, as mentioned by Brongersma-Sanders [1983] . She suggested that some species of the genera Rhizosolenia and Chaetoceras concentrate Ba from seawater and therefore may play an important role in conveying Ba to the sediment.
Conclusions
[65] 1. Diatomaceous sediments from the Namibian shelf investigated in this study are characterized by rather low concentrations of terrigenous material of eolian (expressed by elevated Zr/Al and Ti/Al ratios) and fluvial input, but high contents of TOC, biogenic opal, carbonate and phosphate, reflecting high bioproductivity.
[66] 2. Iron sulfide formation is favored by vigorous sulfate reduction owing to high contents of metabolizable organic matter and high reactivity of detrital iron, which apparently was introduced into the system as oxide/hydroxide coatings on mineral grains (Fe/Al ratio of 0.80). However, the low total Fe (1.0%) must be regarded as the most important factor for H 2 S outgassing events, as only a small fraction of the H 2 S produced is trapped as Fe monosulfide or pyrite.
[67] 3. Namibian upwelling sediments are unique with respect to trace element contents. Three modes of TM accumulation may be distinguished, considering seawater as the main metal source, internal buildup of the metal pool by bioaccumulation, and metal fixation processes during early diagenesis.
[68] 4. Mo, U, and Re enrichments reflect seawater availability. These elements do not require an additional biologically controlled preconcentration step.
[69] 5. Elements such as Ag, Cd, Cu, Ni, Se, and Zn are significantly involved in biocycling and therefore are accumulated in plankton prior to burial.
[70] 6. Manganese is the only element depleted in the diatomaceous mud, whereas Co is not, reflecting the sulfidic environmental setting.
[71] 7. The significant enrichment in elements of low crustal abundance (Bi, Cd, Se, Tl) is due to low dilution by terrigeneous material and significant bioaccumulation.
[72] 8. For oxyanions such as Cr, V, As, U, Mo, Re, an additional reduction step within anoxic sediments is necessary for immobilization, either by sulfide-formation (As, Mo, Re) or particle reactivity (Cr, V, U).
[73] 9. For some elements a clear distinction between bioaccumulation and diagenetic enrichment from a seawater source is not possible (As, Ba, Cr, V, Zn), either due to lacking plankton and water column data or the less well defined lithogenic background.
[74] 10. To be able to fully understand specific TM patterns in upwelling sediments, combined data sets of seawater, plankton, and particulate matter composition, and surface sediment pore water and solid data are required.
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